Introduction
============

Glioma -- one of the most invasive and infiltrative tumors -- has an exceedingly poor prognosis with a 5-year survival rate of \<10% and a 12- to 15-month median overall survival duration.[@b1-ijn-13-6791]--[@b4-ijn-13-6791] The current treatments for gliomas are mainly surgical resection, irradiation, and chemotherapy. However, due to special pathological and physiological characteristics, some problems, such as surgical injury and side effects, remain.[@b5-ijn-13-6791] Therefore, noninvasive treatment of glioma with low side effects is still a huge challenge and task.

With the development of genetic technology, the gene silencing represented by small interference RNAs (siRNAs) plays an increasingly important role in noninvasive cancer treatment.[@b6-ijn-13-6791]--[@b9-ijn-13-6791] SiRNAs are a class of double-stranded RNA molecules of 20--25 base pairs in length that can recognize and degrade complementary messenger RNAs (mRNAs).[@b10-ijn-13-6791] Therefore, designing siRNAs could silence multiple mutational genes that result in tumor formation and affect tumor growth.[@b11-ijn-13-6791],[@b12-ijn-13-6791] Recently, siRNA molecules have entered the human trial phase and are considered an efficient and promising treatment for cancer.[@b13-ijn-13-6791]--[@b15-ijn-13-6791] However, the in vivo application of siRNA still faces great challenges. For example, physiological conditions could affect the stability of siRNA, as this molecule has to pass through the tumor blood vessel and enter the intercellular space. Thus, the tumor-targeted delivery of siRNA needs to permeate through the membrane into the cell.[@b16-ijn-13-6791],[@b17-ijn-13-6791] Therefore, delivery systems have become a key point for the application of siRNA. Although many delivery systems, such as inorganic nanoparticles,[@b18-ijn-13-6791],[@b19-ijn-13-6791] polymers,[@b20-ijn-13-6791]--[@b24-ijn-13-6791] lipids,[@b25-ijn-13-6791]--[@b27-ijn-13-6791] and virus vectors,[@b28-ijn-13-6791] have been developed to address the above challenges, these systems have some imperfections. The toxicity of cationic lipids, primarily resulting from their cationic characteristics, is a big problem for the application of these molecules in siRNA delivery;[@b29-ijn-13-6791] liposomes are limited by poor entrapment efficiency;[@b30-ijn-13-6791] and viral vectors have high transfection efficiencies but show immunogenicity, genotoxicity, and mutagenicity.[@b31-ijn-13-6791],[@b32-ijn-13-6791] Therefore, an effective, tumor- targeting, and safe siRNA delivery strategy is significant.

Microbubbles (MBs) -- which have been widely used in the clinic as ultrasound contrast agents (USA) -- play a critical role in the ultrasound diagnosis of many diseases. The revolution brought by MBs -- that is, spherical core shell structures filled with gases such as perfluorocarbons -- is not confined only to the diagnosis[@b33-ijn-13-6791]--[@b35-ijn-13-6791] but also addresses the treatment of diseases.[@b36-ijn-13-6791]--[@b40-ijn-13-6791] Previous studies have shown that MBs rapidly expand and contract and/or collapse in response to ultrasound exposure,[@b41-ijn-13-6791],[@b42-ijn-13-6791] referred to as ultrasound-targeted destruction (UTD). The localized significant shear stress, fluid flow, and other mechanical impacts generated by MBs combined with UTD would change cells and biological structures to produce "sonoporation", which generates voids on cell membranes of approximately 300 nm, with a half-life of 20--50 ms ([Figure 1](#f1-ijn-13-6791){ref-type="fig"}).[@b43-ijn-13-6791]--[@b50-ijn-13-6791] This sonoporation could improve the permeability of the cell membrane, increase the transport of extracellular impermeable compounds into cells, and permit cells to more easily take up drugs and genes.[@b44-ijn-13-6791],[@b51-ijn-13-6791]--[@b53-ijn-13-6791] Due to their minimal inflammatory and immunological responses, MBs combined with UTD represent a potential strategy for gene delivery to noninvasively treat tumors.[@b54-ijn-13-6791],[@b55-ijn-13-6791] However, the size of MBs limits their application for the treatment of tumors, as MBs cannot pass through the endothelial gaps (380--780 nm)[@b56-ijn-13-6791],[@b57-ijn-13-6791] of tumor blood vessels and enter tissues.[@b58-ijn-13-6791] Therefore, to overcome this limitation, nanobubbles (NBs) with diameters of 300--700 nm have attracted considerable research attention.

NBs combined with UTD represent a potential ideal vector for gene delivery. Previous studies have shown that, due to their nano size, NBs could penetrate tumor blood vessels and achieve tumor-targeted imaging[@b59-ijn-13-6791],[@b60-ijn-13-6791] by utilizing the endothelial gaps of tumor blood vessels, which are 7 nm in normal tissue.[@b61-ijn-13-6791] First, UTD is limited to the ultrasound irradiation area, which would reduce its impact on normal tissue and, thus, effectively increase the siRNA concentration in the targeted tissue, and reduce systemic toxic side effects. Second, the sonoporation driven by NBs combined with UTD would increase cell membrane permeability and gene transfection efficiency ([Figure 2](#f2-ijn-13-6791){ref-type="fig"}). Therefore, in this study, we developed NBs carrying siRNA by using a biotin and streptavidin system and demonstrated that NBs carrying siRNA combined with UTD could improve siRNA transfection efficiency, providing experimental support for NBs carrying siRNA combined with UTD as a noninvasive treatment of glioma.

Material and methods
====================

Materials
---------

The phospholipids 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC; MW, 734.039 g/mol) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[biotinylated (polyethyleneglycol)--2000\] (biotinylated DSPE-PEG\[2000\]; MW, 3,016.781 g/mol), which were used in the fabrication of NBs, were purchased from Avanti Polar Lipids Inc. in powder form and used without further purification. Octafluoropropane (C~3~F~8~) gas was purchased from the R&D Center for Specialty Gases at the Research Institute of Physical and Chemical Engineering of Nuclear Industry (Beijing, China). The dynamic light scattering (DLS) analyzer was purchased from Beckman Coulter (USA). The U87 MG cell line was purchased from the American Type Culture Collection. ImmunoPure^®^ streptavidin was purchased from Pierce (Rockford, IL, USA). The siRNA duplexes designed to target the SIRT2 gene, scrambled siRNA (SCR), and fluorescein amidite (FAM)-labeled scrambled siRNA (FAM-SCR) were purchased from Genpharm (Shanghai, China). The sequences are shown in [Table S1](#SD4-ijn-13-6791){ref-type="supplementary-material"}.

Fabrication and characteristics of NBs
--------------------------------------

The NBs were fabricated by a thin-film hydration method as previously reported. Briefly, 14 mg biotinylated DSPE- PEG (2000) and DPPC, in a fixed ratio, were weighed and added to a 25-mL rotary evaporation bottle. Then, 2 mL chloroform was added to the bottle to dissolve the phospholipid. Subsequently, 8 μL red fluorescent probe DiI solution (1.2 mg/mL, Beyotime, Haimen, China) was added for the NB fluorescence experiments. Then, the bottle was placed on a rotary evaporator (New Brunswick Scientific, Enfield, CT, USA), and rotary evaporation was undertaken at 55°C and 120 rpm/min. After ten minutes, the chloroform was vaporized, and a milky white phospholipid thin film formed on the rotary evaporation bottle wall. Next, 1 mL of hydration liquid comprising 10% glycerol and 90% 1×PBS (V/V) was added to the bottle. The bottle was placed in an incubator shaker (New Brunswick Scientific), followed by shaking for 60 minutes at 37°C and 130 rpm to form a liposomal film suspension. The suspension was equally divided into two tubes with plastic caps. The air in the sealed tubes was replaced with C~3~F~8~ gas using a syringe. Finally, every tube was oscillated for 45 seconds in an amalgamator. The bubbles in each tube were separately diluted to 8 mL with PBS. The MBs used in the present study were fabricated by the same method, except that 28 mg phospholipid was used, on the basis of a previous report. MBs were used to compare the ability of MBs and NBs to penetrate tumor blood vessels. The NBs and MBs were sterilized via CO~60~ irradiation. DLS with a laser wavelength of 660 nm at an angle of 90° was used to measure the particle sizes of the NBs and MBs. The experiments were repeated three times. To visualize the NBs, a drop of NB suspension was loaded onto dust-free foil, placed in a desiccator, gold sputter-coated for five minutes, and then examined by scanning electron microscopy (SEM; HITACHI S-4800, Japan). A Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) was used to assess the cytotoxicity of NBs. Briefly, U87 cells were seeded onto 96-well plates at 4,000 cells/well with 100 μL/well of RPMI- 1640 medium containing 10% fetal bovine serum (FBS). After 24 hours, the medium was replaced with the same volume of fresh medium containing various concentrations of phospholipids (2.5--640 μg/mL). After 24 hours, 10 μL CCK-8 reagent was added to each well. After incubation at 37°C for one hour, the absorbance at 450 nm in each well was measured by an Infinite F200 Multimode plate reader (Tecan, Männedorf, Switzerland). The curve was drawn, and a statistical analysis was conducted.

Synthesis and detection of NB-siRNA conjugates
----------------------------------------------

A 100-μL aliquot of NBs suspension was diluted with RNase-free PBS to 850 μL, and 100 μL streptavidin (concentration 10 mg/mL) was added to the tube. The tube was placed in Mini-Tube Rotators (Fisher Scientific™ USA) and subjected to oscillation for 30 minutes at 18 rpm. Then, 50 μL of 20 μM siRNA suspension was added, and the mixture was oscillated again. The air in the tube was replaced with C~3~F~8~ gas, and the tube was maintained in an ice box at 4°C for 90 minutes. After delamination appeared in the suspension ([Figure 4A](#f4-ijn-13-6791){ref-type="fig"}), the lower layer of clear suspension was withdrawn by a syringe, and equal amounts of PBS were injected. This step was repeated two or three times to wash the excess streptavidin and siRNA. Finally, the NBs-siRNA were formed. Similarly, NBs-SCR and NBs- FAM-SCR were fabricated using the same method. The particle size and stability of NBs-siRNA were measured by DLS and hemocytometer count. A 1-mL aliquot of NBs- siRNA was immediately measured after the completion of fabrication at 25°C, and the remaining NBs-siRNAs were maintained at 25°C. The particle size of the remaining NBs-siRNAs was then measured after 15, 30, 45, and 60 minutes. At each time point, the NBs-siRNAs were concurrently transferred to a hemocytometer for counting. A drop of the NBs-FAM-SCR diluted sample was placed onto slide glasses and observed by fluorescence microscopy with a 100× oil-immersion objective lens (microscope: Zeiss Axioskop, WEL Instrument Co., LLC; Camera: Zeiss Axiocam MRc5). Bare NBs were used as controls.

Measurements of transfection efficiency
---------------------------------------

### Cell transfection

A total of 5×10^4^ glioma U87 cells were seeded onto confocal 12-well culture dishes containing RPMI-1640 medium supplemented with 10% FBS and incubated at 37°C with 5% CO~2~ for 24 hours. The medium was replaced with 900 μL medium and 100 μL sample suspension. Gentle shaking was used to evenly distribute the samples in the culture medium. To ensure good penetration of the ultrasound, after disinfection, the probe was placed in medium without contact with the cells. The ultrasound exposure parameters were 1 MHz frequency, 0.88 W/cm^2^ intensity, and 45 seconds exposure time.

Confocal laser scanning microscopy
----------------------------------

The transfection efficiency of FAM-SCR was detected by confocal laser scanning microscopy (CLSM). There were three groups: NBs carrying FAM-SCR with ultrasound irradiation (NBs-FAM-SCR-UI), FAM-SCR with ultrasound irradiation (FAM-SCR-UI), and bare FAM-SCR (control). The cells were cultured in confocal culture dishes and transfected as described earlier. At 24 hours after transfection, the cells were washed three times with PBS, and the cell nuclei were stained with DAPI to identify the location of the cells. The cells were observed on CLSM (Olympus, Fluoview FV10i, Tokyo, Japan).

Target gene mRNA expression level
---------------------------------

The mRNA expression of target genes was detected by real-time PCR assay. The experiment groups were similar to those described earlier: NBs carrying siRNA with ultrasound irradiation (NBs-siRNA-UI), siRNA with ultrasound irradiation (siRNA-UI), and NBs carrying SCR with UI (control). RNA was isolated from the cells at 48 hours after transfection using the TRIzol Kit (BioTeke, Beijing, China) and converted into cDNA. Real-time PCR was conducted by the StepOnePlus Real-Time PCR System (Applied Biosystems, American). The GAPDH gene was used as an internal control. Primers used in real-time PCR are shown in [Table S2](#SD5-ijn-13-6791){ref-type="supplementary-material"}.

Target gene protein expression level
------------------------------------

The protein expression of the target gene was detected by Western blot analysis. The experimental groups were similar to those described above. Total protein was extracted from all groups. The 30-mg protein samples were separated on 12% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes, which were initially incubated with the primary antibody, and then washed and incubated with the secondary antibody. The proteins were detected by a chemiluminescence system.

Detection of cell apoptosis
---------------------------

Annexin-V was used to detect cell apoptosis. The experimental groups were similar to those described above. At 48 hours after transfection, the cells were trypsinized, collected, and washed with PBS. The cells were dyed according to the Annexin V-FITC Apoptosis Kit (Abnova). Briefly, the cells were resuspended in 500 μL Binding Buffer, and 5 μL of Annexin V-FITC and 5 μL of propidium iodide were added. The cells were incubated at room temperature for five minutes in the dark. Flow cytometry (Ex=488 nm; Em=530 nm) was done to analyze Annexin-V.

Cell viability test
-------------------

A CCK-8 assay was applied to evaluate the cell viability after transfection. The U87 cells were seeded onto 96-well plates at 3,000 cells per well and cultured for 24 hours. The experimental groups were similar to those described above. Transfection was conducted with 90 μL medium and 10 μL sample suspension by using the same process described earlier. Each group contained five wells. At 48 hours after transfection, 10 μL CCK-8 solution was added to each well of the plate. Then, the plate was incubated for four hours. The absorbance at 450 nm in each well was measured by the Infinite F200 Multimode plate reader. The cell viability = (A1−A2)/(A3−A2)×100%, where A1 was the absorbance of wells in that experimental group, A2 was the absorbance of wells containing medium and CCK-8 solution without cells and samples, and A3 was the absorbance of wells containing medium, CCK-8 solution, and cells without samples.

Animal models
-------------

The glioma in vivo model was established by a subcutaneous injection of 5×10^6^ U87 cells into the right back area of athymic nude mice (five weeks). All animal experiments were approved by and conducted according to the guidelines of the Tangdu Hospital committee on Animal Care and Use in accordance with the National Institutes of Health (NIH) guidelines.

NBs-siRNA distribution in vivo
------------------------------

The Esaote MyLab Twice ultrasound diagnostic apparatus with a broad bandwidth (3--9 MHz) routine clinical linear array transducer (Esaote, LA522) was used to compare the NBs-siRNA-enhanced tumor images before and after ultrasound-targeted destruction. After isoflurane anesthesia, the mice were injected with NBs-siRNA suspension (200 μL) through the tail vein. At 15 seconds after the enhancement appeared, targeted destruction ultrasound -- at 1 MHz frequency, with 1.5 W/cm^2^ intensity, and 1-minute exposure time -- was implemented. The enhanced tumor images before and after ultrasound irradiation were recorded (UI \[+\] group). The enhanced tumor images without ultrasound irradiation at the same time point were used as a control (UI \[−\] group). The gray scale intensity of the digital clips and images was obtained by WCIF ImageJ software (v1.37; National Institutes of Health, Bethesda, MA, USA), and phase-intensity curves were created by GraphPad Prism (v5.01; GraphPad Software, Inc.) and statistically analyzed using SPSS software (v19.0; SPSS Inc., an IBM Company).

DiI-labeled NBs-siRNA and MBs-siRNA (200 μL) were separately injected into nude mice bearing glioma xenograft tumors. After ultrasound-targeted destruction, the nude mice were sacrificed, and the tumors were immediately separated to prepare frozen sections. The frozen sections were incubated with Isolectin-b4 (1:1,000, Beyotime, Haimen, China) at 25°C for eight hours and then washed three times with PBS. Subsequently, the sections were incubated for two hours with anti-biotin as a secondary antibody (1:1,000, Beyotime, Haimen, China) and washed three times with 1×PBS. The nucleus was stained with DAPI. Finally, CLSM was used to observe the tumor sections.

The NBs-siRNA distribution and metabolism in the tumors were measured by tissue fluorescence imaging by using the IVIS Spectrum Imaging System. At ten minutes, 30 minutes, one hour, six hours, 12 hours, and 24 hours after the injection of DiI-NBs-siRNA solution, the mice were sacrificed, and the liver, spleen, kidney, heart, and lungs were harvested. The fluorescence images of the tumors and organs were obtained. Based on the fluorescent signal, the liver and spleen were selected as positive and negative controls. The DiI-NBs-siRNA solution was injected into tumor-carrying nude mice, and the mice were simultaneously sacrificed. The tumor, liver, and spleen were harvested and subsequently observed and analyzed.

Effect of in vivo treatment
---------------------------

After the cells were injected, additional trials were conducted on animals until the tumor volume was approximately 100--300 mm^3^. For in vivo experiments, the mice were randomly separated into four groups: NBs carrying siRNA with ultrasound irradiation (NBs-siRNA-UI), MBs carrying siRNA with ultrasound irradiation (MBs-siRNA-UI), NBs carrying siRNA without ultrasound irradiation (NBs- siRNA), and NBs carrying SCR with ultrasound irradiation (NBs-SCR-UI). An aliquot of 200 μL of NBs carrying siRNA or SCR suspensions was injected through the tail vein. Then, the tumors were exposed to UI under the same parameters as described earlier. This operation was repeated two times per week for four weeks. The tumor volume was calculated according to the formula for the spherical segment volume: V=(A×B[@b2-ijn-13-6791])/2. A and B represent the length and the width of the tumor, respectively. The volume of the tumor was measured once every four days. The measurement was repeated 40 days later when the mouse began to die. The survival rate of mice in the four groups was analyzed by Kaplan--Meier survival analysis.

After the mice were sacrificed, the tumors were separated to prepare paraffinized sections, and hematoxylin and eosin (H&E) staining was done after deparaffinization. A TUNEL assay was conducted according to the TdT In Situ Apoptosis Detection Kit (Roche, Indianapolis, IN, USA). Briefly, the sections were incubated with dimethylbenzene and ethanol and washed with PBS. Then, proteinase K (0.3 mg/mL) was used to process the sections at room temperature for 25 minutes. Next, 3% H~2~O~2~ aqueous solution was added to quench the endogenous peroxidase. After TdT Enzyme and digoxigenin-labeled dUTP were added, the sections were incubated in equilibration buffer for one hour at 37°C.

Results
=======

Characteristics of NBs
----------------------

The average particle sizes of the bubbles were measured by DLS. As shown in [Figure 3A and B](#f3-ijn-13-6791){ref-type="fig"}, the average particle size of the NBs is 625.4±63.8 nm (n=3), and that of MBs is 2,355.8±512.8 nm (n=3). In the SEM micrographs ([Figure 3C](#f3-ijn-13-6791){ref-type="fig"}), the NBs were observed as un-aggregated hollows, similar to the findings of previous studies,[@b59-ijn-13-6791],[@b60-ijn-13-6791] with particle sizes of approximately 400--800 nm, corresponding to the size distributions measured by DLS. [Figure 3D](#f3-ijn-13-6791){ref-type="fig"} shows the cytotoxicity curve for the phospholipid concentration. Statistical analysis revealed obvious cytotoxicity when the concentration increased to 10 μg/mL.

NBs carrying siRNA
------------------

The stability of NBs-siRNA at room temperature was evaluated by particle size and concentration. The average particle sizes of NBs carrying siRNA that were stored separately at 25°C for 1, 15, 30, 45, and 60 minutes were 688.23±61.4 nm (n=3), 740.33±54.88 nm (n=3), 756.37±51.20 nm (n=3), 789.13±62.22 nm (n=3), and 870.17±93.09 nm (n=3), respectively ([Figures 4](#f4-ijn-13-6791){ref-type="fig"} and [S1](#SD1-ijn-13-6791){ref-type="supplementary-material"}). Compared with the average particle size of NBs carrying siRNA stored for one minute, there was no significant difference at each time point. The concentrations of NBs carrying siRNA were 88.34×10^5^±6.59×10^5^/mL (n=5), 77.02×10^5^±6.62×10^5^/mL (n=5), 70.76×10^5^±4.29×10^5^/mL (n=5), 62.00×10^5^±7.53×10^5^/mL (n=5), and 50.72×10^5^±6.91×10^5^/mL (n=5) at 1, 15, 30, 45, and 60 minutes, respectively ([Figure 4C](#f4-ijn-13-6791){ref-type="fig"}). The statistical analysis showed a significant difference between the concentrations at each time point and that at one minute. [Figure 4D and E](#f4-ijn-13-6791){ref-type="fig"} shows the optical and fluorescence images of the NBs-FAM- SCR group and the bare NBs control group. In the NBs- FAM-SCR group, green fluorescence was observed, and the conformity with NBs under optical and fluorescence microscopy was notable. No fluorescence was observed on the bare NBs. Additionally, an irregular fluorescence region appeared at some positions without bubbles, which are indicated by a red frame in [Figure 4D](#f4-ijn-13-6791){ref-type="fig"}.

siRNA transfection efficiency of NBs carrying siRNA with UI
-----------------------------------------------------------

CLSM was used to evaluate the cell uptake of FAW-SCR. As shown in [Figure 5](#f5-ijn-13-6791){ref-type="fig"}, the cell nucleus was blue in all groups, and green florescence in the perinuclear and cytoplasm was observed in the NBs-FAM-SCR-UI and FAM-SCR-UI groups, but not in the control group. However, compared to the FAM-SCR-UI group, the green florescence was higher and stronger in the NBs-FAM-SCR-UI group.

Transfection efficiency assay by target gene expression level
-------------------------------------------------------------

The transfection efficiency was assessed on the basis of the mRNA level by real-time PCR assay and the protein level was evaluated by Western blotting analysis. Compared with the control group, the IDH1 mRNA in both NBs-siRNA-UI and siRNA-UI groups decreased, as shown in [Figure 6A](#f6-ijn-13-6791){ref-type="fig"}, and statistical analysis showed that the IDH1 mRNA in the NBs-siRNA-UI group (44.1% ± 6.7%) is lower than that in the siRNA-UI group (84.0% ± 6.9%). Similar to the results of real-time PCR, Western blotting analysis ([Figure 6B](#f6-ijn-13-6791){ref-type="fig"}) revealed that IDH1 expression in the NBs-siRNA-UI group at the protein level was much lower than that in the siRNA-UI group, although the latter was lower as compared with that in the control group.

Cell apoptosis and viability
----------------------------

The cell apoptosis analysis by flow cytometry indicated that the NBs-siRNA-UI group showed a 39.4% ± 3.7% apoptosis rate, which was the highest. Additionally, the siRNA-UI and control groups only showed 5.4% ± 1.3% and 2.1% ± 0.6% apoptosis rates, respectively. Compared with the other two groups, the NBs-siRNA-UI group had the highest rate of apoptosis ([Figures 6C](#f6-ijn-13-6791){ref-type="fig"} and [S2](#SD2-ijn-13-6791){ref-type="supplementary-material"}). Cell viability was measured by CCK-8 assay. The U87 glioma cells viability in the NBs- siRNA-UI group was 43.6% ± 3.6%, which was lower than that in the siRNA-UI group (89.1% ± 4.6%) and control group (100.2% ± 1.5%), as shown in [Figure 6D](#f6-ijn-13-6791){ref-type="fig"}.

NBs-siRNA distribution in vivo
------------------------------

[Figure 7A](#f7-ijn-13-6791){ref-type="fig"} shows the enhanced tumor images of NBs-siRNA with or without ultrasound irradiation. Imaging contrast enhancement appeared after NBs-siRNA injection in both the UI (+) and UI (−) groups. However, the contrast enhancement in the UI (−) group was stronger than that in the control UI (+) group after ultrasound irradiation. [Figure 7B](#f7-ijn-13-6791){ref-type="fig"} shows the phase-intensity histogram, indicating that the gray scale of the UI (+) and UI (−) groups changed in different phases. A significant difference between the two groups was observed after UI (*P*\<0.01).

The CLSM examination of the frozen tumor sections was obtained to locate DiI-labeled NBs-siRNA. The blood vessels were dyed green, whereas the nuclei were dyed blue. DiI-labeled MBs-siRNA was not detected, and NBs-siRNA was observed in the extravascular intercellular space, as shown in [Figure 7C](#f7-ijn-13-6791){ref-type="fig"}.

To further confirm the NBs-siRNA distribution and metabolism in tumors, a tissue fluorescence imaging experiment was conducted. The autofluorescence was low or even lack so that the fluorescence signal intensity inside the organs could reflect the NBs-siRNA content.[@b62-ijn-13-6791] Fluorescent images of the liver, spleen, kidney, heart, and lungs of healthy mice were initially observed, and the liver initially showed a strong signal that gradually decreased, whereas the spleen showed no signal ([Figure S3](#SD3-ijn-13-6791){ref-type="supplementary-material"}). Based on this result, the liver and spleen were used as positive and negative controls, respectively. The fluorescence signals in the tumor, liver, and spleen were analyzed at different time points after injection. As shown in [Figure 8A](#f8-ijn-13-6791){ref-type="fig"}, the fluorescence in the tumor obviously reached a level similar to that in the liver after the injection of DiI-labeled NBs-siRNA, then gradually decreased to the level of fluorescence in the spleen after 24 hours. A region of interest (ROI) analysis was conducted to semiquantitatively assess the uptake by the tissue. [Figure 8B](#f8-ijn-13-6791){ref-type="fig"} shows the change in fluorescence intensity with time. Similar to [Figure 8A](#f8-ijn-13-6791){ref-type="fig"}, the fluorescence intensity of the tumor showed a level comparable to that in the liver at ten minutes after injection and it lasted for six hours. Then, the intensity began to decline and decreased to a level similar to that in the spleen after 24 hours.

Evaluation of therapeutic effect in vivo
----------------------------------------

To evaluate the therapeutic effect of NBs-siRNA with UI, tumor growth was measured, and the results are shown in [Figure 9A](#f9-ijn-13-6791){ref-type="fig"}. Compared to the other three groups, the tumor volume in the NBs-siRNA-UI group was smaller (*P*\<0.05). The cumulative survival ([Figure 9B](#f9-ijn-13-6791){ref-type="fig"}) showed that nude mice in the MBs-siRNA-UI, NBs-siRNA, and NBs-SCR-UI groups began to die on days 54, 56, and 44 days, respectively. In comparison, the NBs-siRNA-UI group showed a better therapeutic effect. The histological changes in each group were observed by H&E staining ([Figure 10A](#f10-ijn-13-6791){ref-type="fig"}). The NBs-siRNA-UI group showed fewer cells and lower levels of polymorphism, in contrast to the other three groups. The TUNEL assays were conducted to evaluate tumor apoptosis. The cell apoptosis in the NBs-siRNA-UI group was obviously higher than that in the other three groups ([Figure 10B](#f10-ijn-13-6791){ref-type="fig"}).

Discussion
==========

As a potential carrier for drug and gene delivery, MB application in therapy has received increasing attention because the sonoporation phenomenon caused by MBs combined with UTD would improve cell membrane permeability, resulting in the increased uptake of drugs and genes.[@b44-ijn-13-6791],[@b51-ijn-13-6791]--[@b53-ijn-13-6791] However, the large particle size of MBs limits their application in tumors. MBs cannot penetrate the tumor blood vessel, which has 380- to 780-nm gaps in the vessel endothelium. Therefore, based on previous studies,[@b59-ijn-13-6791],[@b60-ijn-13-6791] we combined NBs with IDH1-siRNA to form NBs carrying siRNA by a biotin--streptavidin system, which was combined with UTD to increase siRNA uptake, inhibit tumor growth, and achieve glioma treatment.

We first fabricated NBs and detected their characteristics. The particle size of NBs tested by DLS confirmed that the bubbles fabricated by using an optimized film hydration method showed a nanoscale particle size similar to that obtained in a previous study. The NBs observed by SEM were not spherical, as described in other reports,[@b63-ijn-13-6791] due to the rupture of NBs in the vacuum environment during SEM scanning. Calculations revealed that the phospholipid concentration of NBs in all experiments was less than 10 μg/mL; therefore, the NBs would not lead to cell apoptosis or decrease viability. Due to their hypocytotoxicity, DPPC and DSPE-PEG have been used as materials for MBs or NBs in many studies.[@b59-ijn-13-6791],[@b60-ijn-13-6791],[@b63-ijn-13-6791],[@b64-ijn-13-6791]

The NBs-siRNA showed a similar particle size to NBs after fabrication. The stability of this complex indicated that the particle size of NBs-siRNA is more stable than the concentration. However, the particle size does not affect the application of these molecules because NBs-siRNA only needs to coexist with cells for a few minutes at room temperature. The gas core of NBs is C~3~F~8~, which is stable, with low dispersion and blood solubility, resulting in the relative stability of NBs in the blood.[@b65-ijn-13-6791]

Fluorescence microscope analysis ([Figure 4D and E](#f4-ijn-13-6791){ref-type="fig"}) of the control (bare NBs) and NBs-FAM-SCR groups verified that the green fluorescence of the NBs-FAM-SCR group resulted from FAM-SCR, and not from the autofluorescence of NBs, which illustrated that the NBs were connected with siRNA by biotin--streptavidin. Additionally, fluorescence microscopy provided direct observations of NBs-siRNAs and the particle sizes based on a scale similar to the measurement of DLS. The irregular fluorescence region observed at some positions without bubbles might be a small amount of liposome residue, resulting from broken bubbles.

We assumed that the siRNA-NBs combined with UTD would improve the transfection efficiency of siRNA, which had been confirmed by CLSM, real-time PCR assay, Western blotting analysis, and cell apoptosis and viability experiments. UI could facilitate the transport of some molecules into living cells by the sonoporation phenomenon.[@b66-ijn-13-6791]--[@b69-ijn-13-6791] The presence of bubbles can enhance this effect. Thus, CLSM showed that the NBs-FAM-SCR-UI group had higher and stronger green florescence compared with that of the FAM-SCR-UI group. The real-time PCR assay and Western blotting analysis confirmed the function of NBs and UI in siRNA transfection based on mRNA and protein levels, respectively. Cell apoptosis and viability were analyzed by flow cytometry and CCK-8 assay. The reduction in IDH1 expression in wild-type IDH1 cells would inhibit tumor cell growth[@b70-ijn-13-6791] by lipid production, redox homeostasis, and the regulation of cellular differentiation.

The comparison of enhanced tumor images with or without the use of UI illustrated that UI would destruct bubbles in vivo. Upon caudal vein injection, the enhancement in the tumor immediately increased, as previously reported.[@b59-ijn-13-6791],[@b60-ijn-13-6791] After ultrasound-targeted destruction, the enhanced image was significantly lower than that in the group without UI, and this effect was limited to the area of UI. The CLSM examination of tumor frozen sections confirmed the ability of NBs to enter the tumor through the vessel wall, which MBs are unable to achieve. We observed the DiI-labeled NBs-siRNA signal in the tumor, liver, and spleen at different time points after injection. The tumor signal initially corresponded to that in the liver and was similar to that in the spleen after 24 hours. NBs-siRNA accumulate in the tumor for a period of time, as NBs possess an ability to passively target the tumor, resulting from the enhanced permeability and retention (EPR) effect.[@b71-ijn-13-6791]

In the in vivo experiments, the MBs-siRNA-UI and NBs-siRNA groups demonstrated that, without NBs or UI, the inhibition efficacy was reduced. A significant inhibitory effect was observed in the NBs-siRNA-UI groups, which indicated that UI could effectively promote siRNA transfection by the targeted destructed of NBs. The mechanism involves the penetration of NBs into blood vessels, followed by accumulation in the tumor and production of acoustic cavitation with UI -- an effect that could enhance the permeability of cell membranes and increase siRNA intake for improved transfection and therapy.[@b72-ijn-13-6791] Additionally, targeted UI could enable siRNA to locally accumulate to a higher concentration in tumor tissues.[@b73-ijn-13-6791]

Conclusion
==========

In summary, we fabricated nanosized bubbles by a thin film hydration method, and the applied concentration showed no obvious cytotoxicity -- consistent with the requirement of biosafety for siRNA carriers. NBs could be associated with siRNA by avidin--biotin to form NBs-siRNA complexes with good particle size stability. The combination of NBs-siRNA and UTD could achieve the improvement of siRNA transfection and interference efficiency in vitro. Furthermore, due to its small size, NBs-siRNA would penetrate the tumor blood vessel into the intercellular space in vivo and realize the suppression of tumor growth in vivo. NBs combined with UTD could be used as a vector for siRNA delivery for the noninvasive treatment of glioma.

Supplementary materials
=======================

###### 

The average particle size of NBs-siRNA stored at 25°C for 1 (**A**), 15 (**B**), 30 (**C**), 45 (**D**), and 60 (**E**) min.

###### 

The percentage of apoptotic cells quantified by Annexin V and PI flow cytometry in the NBs-siRNA-UI, siRNA-UI, and control groups.

###### 

In vitro fluorescence imaging of tissues in healthy mice at different time points after DiI-labeled NBs-siRNA injection. The tissue sequence is liver, spleen, heart, lung, and kidneys. The liver initially showed a strong signal, whereas the spleen showed no signal.

###### 

IDH1 siRNA and scrambled siRNA sequence

         Sense sequence (5′--3′)   Anti-sense sequence (5′--3′)
  ------ ------------------------- ------------------------------
  IDH1   GGAGATGAAATGACACGAATCT    AGATTCGTGTCATTTCATCTCC
  SCR    UUCUUCGAACGUGUCACGUTT     ACGUGACACGUUCGGAGAATT

###### 

Primers used in real-time PCR for IDH1 and GAPDH

          Forward (5′--3′)              Reverse (5′--3′)
  ------- ----------------------------- -----------------------------
  IDH1    TGT GGT AGA GAT GCA AGG AGA   TTG GTG ACT TGG TCG TTG GTG
  GAPDH   ACC ACA GTC CAT GCC ATC AC    TCC ACC ACC CTG TTG CTG TA
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![Schematic diagram of bubbles' behavior and its effects on cell membranes under ultrasonic irradiation. Bubbles rapidly expand and contract and/or collapse when driven by ultrasound, and that could create voids on cell membranes.](ijn-13-6791Fig1){#f1-ijn-13-6791}

![Schematic diagram of NBs-siRNA and its different behaviors in normal and tumor tissues. The NBs-siRNA would not penetrate the blood vessel of normal tissue; however, the reverse applied in tumor tissues. The tumor-targeted ultrasonic irradiation would break the NBs-siRNA and improve their uptake into cells.](ijn-13-6791Fig2){#f2-ijn-13-6791}

![Characteristics of bubbles. The particle size of NBs (**A**) and MBs (**B**) measured by DLS. (**C**) The SEM result of NBs which are observed as hollows. (**D**) In vitro cytotoxicity for various phospholipid (NB' material) concentrations determined by the CCK-8 assay. Obvious cytotoxicity appeared when the concentration reached 10 μg/mL (\**P*\<0.05 indicates statistically significant differences compared with normal cells).](ijn-13-6791Fig3){#f3-ijn-13-6791}

![Characteristics of NBs-siRNA. (**A**) Stratification in the preparation of bubbles NBs-siRNA which is used for unlabeled siRNA removal. The diameter (**B**) and concentration (**C**) stability of NBs-siRNA at 25°C (\**P*\<0.05, \*\**P*\<0.01 were indicative of statistically significant differences compared with one minute). The optical and fluorescence images of NBs-FAM-SCR (**D**) and bare NBs (**E**).](ijn-13-6791Fig4){#f4-ijn-13-6791}

![Laser confocal microscopic images of U87 cells of NBs-FAM-SCR-UI group and FAM-SCR-UI group. Much more green fluorescence of FAM-SCR was observed in the NBs-FAM-SCR-UI group.](ijn-13-6791Fig5){#f5-ijn-13-6791}

![IDH1 gene suppression at mRNA level and protein level and its effect on cell viability and apoptosis. (**A**) The IDH1 gene expression at mRNA level by real-time PCR. (**B**) The IDH1 gene expression at protein level by Western blotting. (**C**) The apoptotic ratio of U87 cells quantified detected by Annexin-V flow cytometry. (**D**) Cell viability of U87 cells quantified by CCK-8. \**P*\<0.05 compared with the NBs-siRNA-UI group.](ijn-13-6791Fig6){#f6-ijn-13-6791}

![UI-targeted destruction effect on NBs-siRNA and NBs-siRNA distribution in tumor tissue. (**A**) Contrast enhancement images of NBs-siRNA with or without UI. (**B**) Corresponding phase-intensity curves analyzed with data extracted from (**A**). (**C**) CLSM images of frozen sections. Blue: nuclei; Green: capillary; Red: DiI-labeled NBs-siRNA. DiI-labeled NB-siRNA are observed in the intercellular space and outside the capillaries (top), whereas DiI-labeled MBs are hardly visible outside the tumor capillaries (bottom). \*P\<0.05.](ijn-13-6791Fig7){#f7-ijn-13-6791}

![(**A**) In vitro fluorescence imaging of the tumor, liver, and spleen at different time points after DiI-labeled NBs-siRNA injection. (**B**) The change of fluorescence intensity of tumor, liver and spleen with time.](ijn-13-6791Fig8){#f8-ijn-13-6791}

![Tumor growth inhibition and percent survival of mice with U87 glioma in various treatment groups. (**A**) Tumor volume growth of each group. (**B**) The percent survival of mice carrying glioma receiving different treatments.](ijn-13-6791Fig9){#f9-ijn-13-6791}

![H&E and TUNEL assays of U87 glioma sections of tumor-bearing mice in the four different groups. (**A**) H&E staining: Nuclei were stained blue and cytoplasm were stained red. (**B**) TUNEL analyses: brown apoptotic cells were stained brown and that of normal glioma cells were blue.](ijn-13-6791Fig10){#f10-ijn-13-6791}
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